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INTRODUCTION
Quantitative Structure-Activity Relationships (QSAR or SAR) is the most common concept in chemistry to explain the function of chemical compounds based on their structures. The uniqueness of QSAR is the mathematical expressions of the structure-activity relationships. [1] At first, the application was limited mostly to small molecular compounds such as drug and olfactory stimulants. However, QSAR concept has been extended later to macromolecules such as food proteins and peptides. [2] Nakai and Li-Chan [3] reviewed the advances in QSAR of food proteins in the concept of emulsification, foaming, gelation, and breadmaking. Nakai et al. [4] indicated that QSAR is an important program in the study of the functionality of bioactive peptides.
Sequence Principal Component Similarity (SPCS) is one of several computer software programs, which is based on QSAR concept. It has been established to stand on properties of the entire peptide molecules. This program requires reference peptides with known sequences to compare with peptide chains by initiating from N-terminal. One of six characteristics (hydrophobicity, charge, helix, strand, turn and bulkiness) consisting of SPCS needs to be selected during each calculation. The Principle Component Analysis (PCA) classification is the original algorithm of Principle Component Similarity (PCS). PCS was further modified to SPCS in order to deal with peptide sequences; however, both of them employed the same approach. Vodovotz et al. [5] found that PCS was useful in classifying GC data of mango samples according to cultivar and ripening conditions prior to detailed analysis. Nakai et al. [4] reported that the PCS analysis was successfully used to classify cationic antimicrobial peptides with high contents of arginine residues by using the functional characteristics of their amino acid residues. Also, Nakai et al. [6] applied the PCS analysis to 25 lysozyme sequences using hydrophobicity and charge as the characteristics for classification. The results showed that structure-related properties of side chains in short segments were able to predict functional sites in sequences. The SPCS software is able not only to classify bioactive peptides but also to find a main characteristic, which plays an important role in each functionality according to their sequences. Information on the main characteristic is important because the bioactive mechanism of the functionality can be explained by utilizing it. [4] Homology Similarity Search (HSS) is also a software based on QSAR concept. It was written for peptide sequence analysis and search for functional sites such as active and binding segments in food proteins. [6] The HSS program along with reference peptide was applied to protein sequences to compare the homology by shifting the search stepwise from N-terminus toward C-terminus. The reference peptide consisted of 3-8 residues or even longer could be used. [7] Rau et al. [8] reported that HSS was successful in defining the active sites and the substrate binding sites of the lysozyme from Steptomyces coelicolor. Nakai et al. [7] introduced the application of HSS to short peptide sequences with fewer than 32 amino acid residues for explaining the underlying mechanism of their emulsifying ability. It has been indicated that pattern similarity between segments in HSS profiles of sample sequences using the motif ELE (Glu-Leu-Glu) in the reference peptide, as a search unit was effective for determining the positions of hydrophobic similarity density within the sample sequences.
Database of protein and bioactive peptide sequences such as UniProtKB/Swiss-Prot, UniProtKB/TrEMBL and BIOPEP collects the information about the sequences, which have been provided from different laboratories, for instance, number of amino acid residues, molecular mass and some additional information such as the role of a protein in a biological system. [9, 10] Moreover, the option called "Enzyme action" in BIOPEP was suitable for proteolytic process design in order to obtain bioactive peptides through the systemic digestion. Results would show potential peptides that may be released after the action of the selected enzymes at the location of substrate peptides in the protein chain. [10] Free radicals generated by exogenous chemicals or endogenous metabolic processes in food systems may cause oxidative damage in biomolecules, thus causing damage to cell membrane, loss of enzyme activity, toxicity in mammalian cell, as well as modification of DNA that causes cancer. [11] [12] [13] [14] Recently, there has been increasing interest in antioxidative peptide research, since the antioxidative peptides can protect the human body from free radicals and retard the progress of many chronic diseases. [15, 16] Iwaniak et al. [17] applied BIOPEP to screen numerous food proteins as potential sources of peptides with hypertensive activity. They concluded that in silico analysis would be useful in the analysis of bulky data of proteins as the source of biologically active peptides resulting in reducing the cost and time of investigation. Therefore, the objectives of this research were to (i) validate the SPCS software by applying to a homogeneous antioxidative peptide dataset and (ii) predict the antioxidative segments resistant against digestive enzymes by applying the HSS-BIOPEP combined software.
MATERIALS AND METHODS

Preparation of Dataset for Antioxidative Tripeptides
In order to build the homogeneous antioxidative peptide dataset, all antioxidative tripeptides was collected from the experimental data of Saito et al. [18] They constructed two series of combinatorial tripeptide libraries to explore antioxidative activity of peptide measured by inhibition of lipid peroxidation. One was composed of 110 tripeptides containing either two His or Tyr residues in the structure and the other was composed of 108 tripeptides structurally related to Pro-His-His.
Sequence Principal Component Similarity Analysis
SPCS was the combination between PCA and linear regression. After application of PCA to the data set, linear regression analysis was carried out using the PC scores with eigenvalues higher than 1. The principle of the SPCS program has been previously described by Vodovotz et al. [5] A reference sample is selected and the dependent variables for the linear regression are the deviations from the corresponding reference PC scores. The result of SPCS analysis is a plot of slope vs. coefficient of determination (r 2 ) derived from the linear regression analysis. [19] SPCS software package can be downloaded to any PC from ftp://ftp.agsci.ubc.ca/foodsci/SPCS/.
HSS-BIOPEP Combined Software
HSS software requires reference peptides which shows antioxidative activity to search from the N terminus by shifting the search one position at a time toward C terminus. [7] The higher homology sequence present in a protein chain, the greater possibility to be a good antioxidative protein source. Fourteen protein sources were searched in protein database; UniProt KB/ SWISS_PROT and UniProt KB/ TrEMBL for obtaining amino acid sequences of individual protein source. Both protein databases are accessible by http://ca.expasy.org. Pattern similarity constant and the average of property characteristic values were computed in all observed protein sequences. The peptide segments in protein sequences with SimConst > 0.9 and average hydrophobicity (property characteristic) between 0.4-3.0 were counted and calculated the average relative antioxidative activity values.
Protein sequence that showed the highest average antioxidant activity value was selected to apply in BIOPEP digestion model software. A combination of pepsin and trypsin were used in BIOPEP computation to construct in silico digestive model system. The HSS program along with instructions is available as an ftp file (ftp://ftp. agsci.ubc.ca/foodsci/HSA/) downloadable to any PC. The BIOPEP is accessible by http://www.uwm.edu.pl/ biochemia.
RESULTS AND DISCUSSION
SPCS Classification
Bioactive peptides can be released by enzymatic proteolysis from various food protein sources and may act as potential physiological modulators of metabolism during intestinal digestion. Bioactive peptides usually contain 3-20 amino acid residues, and their activity is dependent on their amino acid composition. [20] In this study, all antioxidative tripeptides were collected from the experimental data of Saito et al. [18] They measured antioxidative activity of tripeptide and expressed as inhibition of lipid peroxidation in an aqueous autoxidation system of linoleic acid. The activity was assessed using the ferric thiocyanate method. The antioxidative tripeptide libraries are reproduced in Table 1 . [18] The SPCS program requires reference peptides with known sequences to compute linear regression. There is no reliable rule to select best reference. The rotation of reference for PCS computation should be tried as evidenced in Nakai et al. [21] Therefore, all of 218 tripeptides in Table 1 were rotated to be references one by one. As this research was performed using tripeptides, contribution of helix, strand, turn, bulkiness to the functionality can be mostly ignored. However, from the literature search, there was no evidence indicating an importance of charged amino acid in the aspect of donating protons to free radicals. Thus, charge was also deleted as a property characteristic. Many researchers have proposed that the hydrophobic amino acids play a role in increasing the interaction between peptides and fatty acid. [16, [22] [23] [24] Hydrophobic peptides can protect oxidation of linoleic acid by donating protons to hydrophobic peroxy radicals. [14, 25] In addition, Mendis et al. [26] reported that hydrophobicity of peptides facilitated scavenging free radicals in cellular system by keeping close contact with oxidizing cell membrane lipids. Therefore, only hydrophobicity was chosen as the property characteristic for antioxidative peptide SPCS classification. SPCS computation of antioxidative tripeptides was carried out using the first ten PC scores, which accounted for 93.5% of the total variability; therefore, about 6.5% data was ignored as non-significant as shown in Table 2 .
When hydrophobicity was used as the property characteristic, antioxidative peptides were successfully classified in groups I, II, III, IV depending on their different structures which were (I) two histidine-containing peptide, (II) two tyrosine-containing peptide, (III) one histidine-containing peptide, and (IV) one tryptophan-containing peptide (Fig. 1) . The digits attached to data-points are means of relative antioxidative activity values from Saito et al. [18] Two histidine-containing peptides were appropriate reference for classification of antioxidative tripeptide as displayed in the similar accuracy of SPCS scatter-gram no matter what residue occupied x position. Other references were not able to classify as clear as two histidine-containing peptides (data not shown).
From SPCS classification results, the importance of hydrophobicity in antioxidative activity of peptides has been confirmed. Antioxidative tripeptide classification by SPCS software was similar to the tripeptide libraries of Saito et al. [18] It might be implied that SPCS software is validated in classifying antioxidative tripeptide, thus, it showed possibility to apply to other bioactive peptides. Nakai et al. [4] successfully classified lactoferricin into four groups by using helix and charge as the property characteristics. They concluded that such characteristics were important in the antimicrobial activity of lactoferricin. Hydrophobicity was chosen as the property characteristic. Two histidine-containing peptide were used as the references. The digits attached to datapoints in the blanket are means of relative antioxidative activity values from Saito et al. [18] HSS and BIOPEP Combined Software Technology Table 3 shows major protein fractions in each protein source from the searching of UniProtKB/SWISS-Prot and UniProtKB/TrEMBL. The last column indicates the Entry name and Primary accession name in protein databases. According to the research of Saito [18] as shown in Table 1 , YKY (Tyr-Lys-Tyr), YHY (Tyr-His-Tyr) and YRY (Tyr-Arg-Tyr) show the highest relative antioxidative activity of 10 followed by LHG (Leu-His-Gly) and LHW (Leu-His-Gly) with the activity of 6.7 an 7, respectively. Therefore, there should be five tripeptides, which are YKY (no. 86), YHY (no. 89), YRY (no. 92), LHW (no. 115), and LHG (no. 119) to be used as the references in HSS prediction. Nevertheless, YHY, YKY and YRY consist of similar amino acid group at the middle position, which are basic amino acids. [18] YHY is selected to be representative since histidine is recognized as the most active amino acid with scavenging singlet oxygen. [27] The antioxidative activity of histidinecontaining peptides has been reported to be due to its lipid peroxy-radical trapping ability and/or chelating ability of the imidazole ring in histidine residue. [14, 18, 22, 23, 28] Table 4 exhibits the highest average relative antioxidative activity value of protein fraction presenting in each protein source. Based on the HSS prediction, C-hordein fraction from barley protein has the highest average relative antioxidative activity value of 2.33. It might be implied that barley C-hordein is probably the most potential to be antioxidative protein source. But whether or not these homology segments in C-hordein can resist the digestive tract and pass through small intestine in the body is unknown. Therefore, the resistance of homology segments in C-hordein should be accessed through the digestion of gastrointestinal enzymes of pepsin and trypsin. The average relative antioxidative activity value was calculated as the following equation.
The average relative antioxidative activity value = (Relative antioxidative activity of YHY × number of homology similarity sequence) + (Relative antioxidative activity of LHW × number of homology similarity sequence) + (Relative antioxidative activity of LHG × number of homology similarity sequence)
Number of amino acid residue
The number of homology sequence is the number of peptide segments, which match with reference peptide.
(1) There are different ways of producing biologically active peptide from protein; for example, enzymatic hydrolysis with digestive enzyme either gastro-intestinal enzyme or enzyme from microorganisms, fermentation with proteolytic starter cultures and acid hydrolysis. Apart from these methods, there is useful "BIOPEP" software, which provides computer prediction in silico of proteolytic enzyme digestion, thereby yielding bioactive peptides. [10] C-hordein fraction yields the highest average relative antioxidative activity when the BIOPEP software is applied. Trypsin and pepsin were applied to C-hordein as shown in Fig. 2 . The total homology similarity segments used in gastrointestinal enzyme digestion was 79 segments. The homology segment presented at the same position was counted as one. After applying two enzymes of pepsin and trypsin in the BIOPEP digestive model system, there were 53 homology segments resistant to digestion system. Those peptides are underlined in Fig. 2 .
Most of resistant sequence in C-hordein is PQQ (Pro-Gln-Gln). It has been indicated that barley protein in C-hordein fraction consists of repeated sequences based on an octapeptide PQQPFPQQ (Pro-Gln-Gln-Pro-Phe-Pro-Gln-Gln). [29] Kawase et al. [30] showed that deamination and fragmentation caused the diminution of antioxidative activity of C-hordein. But the repeated sequence region of C-hordein was not hydrolyzed by trypsin digestion because it has few lysine, arginine and glutamic acid residues. Furthermore, they also hypothesized that this structure is very important to the antioxidative activity of prolamin.
It is possible, however, that proteins containing bioactive peptide segments may have not been included in the database so far reported. This possibility should be confirmed in the future. Nakai et al. [4] stated that since the protein sequences reported in the literature by different researchers from different laboratories were used in this study, the reliability of the observed data should be dependent on their consistency. Thus, the prediction herein made could be an approximation or simply showing a trend.
CONCLUSIONS
SPCS results indicated that hydrophobic amino acids such as isoleucine, leucine, phenylalanine, tryptophan, tyrosine, and valine are required amino acid residues for composing antioxidative peptide segments to inhibit lipid peroxidation. HSS-BIOPEP combined software can predict the most potential antioxidative protein source to be C-hordein in barley.
